classes of insecticides used for vector control (Moyes et al., 2017; Smith, Kasai, & Scott, 2016; Zaim & Guillet, 2002) . This trend coupled with concerns over negative effects of chemical insecticides on human health and the welfare of other species has spurred a demand for alternative, novel control methods (Benelli, 2015) .
A promising candidate for a novel insecticide against Aedes mosquitoes is erythritol, a sugar alcohol. Erythritol has been deemed safe for ingestion by humans and several other mammals (Bernt, Borzelleca, Flamm, & Munro, 1996; Storey, Lee, Bornet, & Brouns, 2006) and is the main ingredient of the commercially available sweetener, Truvia®. Its insecticidal activity was recently demonstrated in larvae and adults of the fruit fly Drosophila melanogaster Meigen (Baudier et al., 2014; O'Donnell, Baudier, Fiocca, & Marenda, 2018; O'Donnell, Baudier, & Marenda, 2016) . It also impairs egg production in adult D. melanogaster (O'Donnell et al., 2018) . The negative effects of erythritol on survival in adults and/or larvae have been replicated in other dipteran species including the oriental fruit fly, Bactrocera dorsalis Hendel (Zheng, Zeng, & Xu, 2016) , the spotted wing drosophila, D. suzukii Matsumura Goffin et al., 2017; Sampson, Marshall, et al., 2017; Tang, Lee, Jung, & Choi, 2017) and the house fly, Musca domestica Linnaeus (Burgess & King, 2017; Fisher, Fowler, Denning, & Watson, 2017) . The longevity of the red imported fire ant Solenopsis invicta Buren, a hymenopteran, is also negatively impacted by erythritol (Zhang, Chen, Li, & Xu, 2017) . In addition to the effects on survival and reproduction, behavioural and physiological effects of erythritol have also been demonstrated. Erythritol negatively affects climbing behaviour in adult D. melanogaster (Baudier et al., 2014) , reduces climbing and overall activity level in adult B. dorsalis, (Zheng et al., 2016) and decreases fecundity and deters oviposition in adult female D. suzukii (Goffin et al., 2017; Tang et al., 2017) . No study to date has examined the effects of erythritol on mosquitoes, which are also dipterans.
In this study, we examined the effects of erythritol exposure on longevity in Ae. aegypti. Specifically, we performed bioassays comparing longevity of mosquitoes maintained on deionized water, sucrose solutions or erythritol solutions at three stages of development: 3-day old larvae, 5-day old larvae and adult females. We predicted that exposure to erythritol would negatively impact longevity in all three life stages. We further tested whether the addition of sucrose would alter erythritol's impacts on adult female longevity and result in improved insecticidal activity (Fiorenzano, Koehler, & Xue, 2017) .
| MATERIAL S AND ME THODS
Researchers were blind to treatment identities when collecting data for all experiments reported here unless otherwise stated.
| Mosquito rearing
Aedes aegypti mosquitoes of the Liverpool strain were used in all experiments. Eggs were hatched in deionized water under vacuum conditions before being transferred to plastic rectangular tubs (26 cm length × 13 cm width × 11 cm height) of 200 larvae per 1 L water. Larvae were cultured in incubators (Percival; 27°C, >50% relative humidity, 12-hr day/night light cycle) until the time they were used for assays or until pupation in the case of the adult assay. Each group of 200 larvae was provided with four Hikari brand Cichlid Gold large food pellets (Hayward, CA). Larvae generally took 6-7 days post-hatching to develop into pupae. Individual pupae were pipetted into plastic test tubes (1.0 cm diameter × 7.5 cm height) which were capped with small cotton balls. Adults generally eclosed after 2 days. After pupal eclosion, mosquitoes were kept in mixed-sex cages with 10% sucrose solution as a food and water source in the same incubator conditions described above before being used for experimentation.
| Larval mortality
Daily larval mortality in deionized water, sucrose solutions and erythritol solutions of varying concentrations was assessed in replicate assays. The assays were conducted in six-well polystyrene culture plates (1.5 cm height × 3.6 cm diameter; Corning, Inc., Corning, (Flinn Scientific; Ultra High Purity) in deionized water, and untreated deionized water. The sucrose solutions were used as a control for any lethal effects associated with increased osmolality of the water. The deionized water was a negative control. Each treatment was replicated four to six times. For the 3-day-old larvae experiment, nine to eleven larvae 3 days post-hatching (third instar; Christophers, 1960) were arbitrarily assigned to each well. Each well was provisioned with 0.043 g of crushed Hikari brand Cichlid Gold fish food. Larvae were maintained in the rearing conditions described above. Wells were checked for larval mortality and pupation every 24 hr until all larvae were dead or pupated. Larvae were considered dead if they showed no movement upon gentle prodding with a pipette tip.
Pupae and dead larvae were removed each day.
For the 5-day-old larvae experiment, the conditions, treatments and numbers were identical to the 3-day-old larvae experiment with three exceptions: (a) the larvae were five days post-hatching (fourth instar; Christophers, 1960) at the beginning of the experiment, (b) each well was provided with 0.022 g of food and (c) the experiment only ran for three days since by that time over 99% of larvae had died or pupated.
| Adult mortality
Adult mortality trials were conducted in 16 oz. paperboard soup containers (9.68 cm diameter × 10.16 cm height; from webstaurantstore.com) with screen mesh covering the top. A small hole plugged with cotton was present in the side to aspirate the mosquitoes into and out of the cages. A small plastic tube (3.0 cm diameter × 3.7 cm height) filled with 10 ml of a randomly-assigned treatment solution with a cotton wick and parafilm cover was added to each cage for the mosquitoes to feed on. Treatment solutions consisted of 0.5 m, 1.0 m, 1.5 m and 2.0 m erythritol in deionized water, 0.5 m, 1.0 m, 1.5 m and 2.0 m sucrose in deionized water and untreated deionized water. Untreated deionized water was included for comparing erythritol treated mosquitoes to nutrient-deprived mosquitoes. Five to six replicate cages were conducted for each treatment. Cages were held under the rearing conditions described above. Each cage contained ten females that were between 2 to 6 days post-pupal eclosion at the start of the experiment. Trials ran until the majority of the mosquitoes in the treatment group were dead (7 days), and cages were checked for adult mortality or incapacitation every 24 hr. Adults were considered incapacitated if they were unable to fly and were included in the counts of dead mosquitoes for the corresponding 24-hr period.
| Modulation of erythritol effect by presence of sucrose
To test whether the presence of a sucrose source impacted the effect of erythritol on adult female mortality, we compared the mortality of females provided with only 1.0 m sucrose, only 1.0 m erythritol, a mixed solution of 1.0 m sucrose and 1.0 m erythritol, and separate solutions of 1.0 m sucrose and 1.0 m erythritol. The experimental design was identical to the adult female mortality experiment except trials ran for 9 days (at which point the majority of mosquitoes in the treatment group were dead), and two feeding tubes were included in each cage so that the experimenters could still be blind to the treatment group. Each treatment was replicated four times with 10 females per replicate.
| Adult feeding on erythritol
To test whether adult females were consuming erythritol, we used a dye tracer to track erythritol and sucrose solutions in the gut and excreta. The experimental procedures were the same as those described above for the adult mortality assay with the following exceptions. Mosquitoes were provided with either 2.0 m sucrose or 2.0 m erythritol dyed with 0.01% trypan blue (MP Biomedicals), and the bottom of the cages was lined with filter paper to collect excreta. After 48 hr, mosquitoes were transferred to a glass test tube, cooled on ice and then photographed. The filter paper liners were removed and scanned using a color scanner (Ricoh Afício MP 4002).
Mosquitoes were then frozen at −20°C for 24-48 hr, and their digestive tracts were isolated in 1× phosphate-buffered saline (PBS) and photographed under a dissecting microscope. Two replicates of six females each were conducted for each treatment.
| Adult dehydration rescue
To test whether adult mosquitoes maintained on erythritol were dying, in part, due to dehydration, we repeated the adult mortality assay using treatments with 2.0 m sucrose solution, 2.0 m erythritol solution, or 2.0 m erythritol solution and untreated deionized water in separate feeding tubes. The experimental procedures were the same as those described above for the adult mortality assay except lasted 10 days, at which point all of the mosquitoes in the treatment group were dead. Two replicates with ten females each were conducted for each treatment. For this experiment, the researchers were not blind to the treatment containing both erythritol and water as these cages contained two feeding tubes.
| Data analysis and figures
Longevity was compared between treatments using a log rank 
| RE SULTS

| Larval mortality
Larvae reared in erythritol treated water starting at both 3-days 
| Adult mortality
Maintenance on erythritol solution was also lethal to adults. Adult females provided with erythritol at any of the four concentrations used 
| Adult feeding on erythritol
After 48 hr, females maintained on 2.0 m sucrose were visibly engorged, whereas females maintained on 2.0 m erythritol were not. However, females clearly fed on the erythritol solution as evidenced from the presence of dye in their guts and excreta ( Figure 5 ). 
F I G U R E 3 Survival rates of
| D ISCUSS I ON
We present the first evidence of lethal effects of erythritol to mosquitoes. Aedes aegypti larvae exposed at both three and 5 days post-hatching had decreased longevities when reared in water containing erythritol as compared to when reared in equivalent concentrations of sucrose solutions. The effect of erythritol on larval longevity was concentration dependent with the LC50 higher for old larvae than for young larvae. This pattern could be explained by higher sensitivity of early instar larvae, as has been found previously for compounds with larvicidal activity (e.g., Coelho et al., 2009; Murugan, Murugan, & Noortheen, 2007) . It is also possible that the difference in LC50 can be attributed to young larvae being exposed to erythritol for a longer duration in our study (5 days maximum in young larvae compared to 3 days maximum in old larvae). Higher concentrations of sucrose (>0.3 m for 3-day old larvae; 0.4 m for 5-day old larvae) also decreased larval longevity, suggesting disruption of osmotic homoeostasis is part of the mechanism of erythritol toxicity to larvae.
Erythritol also impacted the longevity of adult Ae. aegypti. Adult females maintained on all concentrations of erythritol had decreased longevity relative to those maintained on either matched Our data suggest erythritol was lethal to Ae. aegypti larvae and adults. We ruled out starvation via food avoidance for the adults because mosquitoes in the erythritol treatments died more quickly than mosquitoes maintained on water alone (Figure 3) , and mosquitoes maintained on erythritol and sucrose simultaneously (offered either in combination or separately) died significantly more quickly than mosquitoes maintained on sucrose alone (Figure 4) . Dehydration is a possible explanation for mortality if mosquitoes maintained on erythritol avoided consuming the solution, but mosquitoes did consume the erythritol solutions at least in the first 48 hr of exposure ( Figure 5 ). Mosquitoes maintained on both erythritol and water offered separately lived longer than those maintained on erythritol alone ( Figure 6 ), which is consistent with a dehydration mode of action. Dehydration after ingestion, due to effects on osmotic balance, is a plausible mechanism for erythritol toxicity in Ae. aegpyti. A starvation mode of action after erythritol ingestion has been suggested for houseflies (M. domestica) because longevity of flies maintained on erythritol was similar to that for flies maintained on water (Fisher et al., 2017) . Another possible mode of action is that erythritol could block the digestion of carbohydrates through inhibiting the enzymatic activity of alpha glucosidases. Alpha glucosidase inhibition by erythritol has been demonstrated in a hemipteran (Silva & Terra, 1995) , and modelling studies suggest that erythritol can bind to the catalytic pocket of mouse alpha glucosidase (Wen et al., 2018) .
Aedes aegypti alpha glucosidase is expressed in the larval midgut and in the adult salivary glands and has been proposed to play a role in carbohydrate digestion (Ferreira, Romão, Pompílio -Melo-Neto, & Silva-Filha, 2010; Marinotti & James, 1990) . Future studies should test for inhibition of carbohydrate digestion by erythritol in Ae. aegypti in addition to other modes of actions discussed.
Our experiments on the impact of the presence of sucrose on the effects of erythritol (Figure 4) showed that (a) mosquitoes consumed erythritol even when offered a sucrose alternative and (b) mosquitoes maintained on a combination of erythritol and sucrose died more quickly than those maintained on erythritol alone. The first finding is important because it suggests that mosquitoes may feed from erythritol baits in the wild even when faced with naturally occurring sugar sources. The second finding suggests that erythritol in combination with sucrose could comprise a new highly effective toxic sugar bait (TSB; Fiorenzano et al., 2017) . In this method, a toxin is mixed with a sugar to kill mosquitoes that consume the solution.
Sugar improves insecticidal activity in what is thought to be a phagostimulant effect (Fiorenzano et al., 2017 ). An attractant, such as a fruit scent, is sometimes added to increase the effectiveness of this technique. These solutions can be introduced into mosquito habitat through either bait stations or application to plant foliage (Xue, Kline, Ali, & Barnard, 2006) . To determine the practicality of using erythritol as a mosquito insecticide, field enclosure experiments should be performed assessing its effectiveness in TSBs as well as the impact of such TSBs on non-target species.
In addition to the direct effects on longevity, erythritol may impact the behaviour of Ae. aegypti. Behavioural changes after exposure to pesticides are often overlooked in vector control strategies (Kongmee, Prabaripai, Akratanakul, Bangs, & Chareonviriyaphap, 2004) . In previous studies on other dipterans, erythritol negatively affected motor control and overall activity levels and deterred oviposition on treated surfaces (Baudier et al., 2014; Goffin et al., 2017; Zheng et al., 2016) . Future studies should test for such behavioural impacts of erythritol on Ae. aegypti as well as its impacts on bloodfeeding behaviour, which is the direct mode of virus transmission.
Aedes aegypti is only one of several mosquito species of medical importance. Its congener Ae. albopictus is a competent vector of dengue, although slightly less efficient in transmission than Ae. aegypti (Gratz, 2004) . The mosquitoes Anopheles gambiae Giles and
Culex pipiens Linnaeus are major vectors of malaria parasites and
West Nile virus, respectively. The impacts of erythritol on these species and other mosquito vectors also warrant investigation. In addition to mosquitoes, erythritol may impact other dipteran pests.
Including this study, four species representing four different families of Diptera (Drosophilidae, Tephritidae, Muscidae, and Culicidae) have shown susceptibility to erythritol (Baudier et al., 2014; Burgess & King, 2017; Choi et al., 2017; Fisher et al., 2017; Goffin et al., 2017; O'Donnell et al., 2016 O'Donnell et al., , 2018 Sampson, Marshall et al., 2017; Tang et al., 2017; Zheng et al., 2016) . One hymenopteran (Formicidae) has also shown susceptibility to erythritol (Zhang et al., 2017) . In using erythritol for vector control, caution should be exercised to specifically target pest species and avoid off-target effects. As Ae. aegypti tend to breed in water vessels F I G U R E 6 Impact of water supplementation on survival rates of Aedes aegypti adult females maintained on 2.0 m erythritol. Ten adult female mosquitoes 3-5 days post-eclosion were placed in 16 oz. paperboard soup containers and provided with a treatment solution, assigned randomly. Solutions included 2.0 m erythritol, 2.0 m sucrose and 2.0 m erythritol together with deionized water in separate feeding tubes. Adults were assessed for mortality every 24-hr for 10 days. N = 20 females per treatment. Error bars represent ± 1 SE. Lowercase letters distinguish between survival rates that are significantly different (p < 0.05) near human habitations, a potential larvicidal application is to treat standing water around homes and farms with erythritol to control mosquitoes without harming humans or other ver-tebrates that consume the water. Adulticidal application may incorporate erythritol into TSBs.
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